Borna disease virus (BDV), the causative agent of severe meningoencephalitis in a wide variety of animal species, has been considered to be genetically invariable and to form a single type within the genus Bornavirus of the family Bornaviridae. BDV infections are of particular interest, because for the first time a virus infection appears to be linked to human psychiatric disorders. We now describe a new subtype of BDV isolated from a horse which was euthanatized due to severe, incurable neurological disease. The nucleotide sequence of this new strain, named No/98, differs from the reference strains by more than 15%, and the subtype is difficult to detect by standard reverse transcriptase PCR protocols. The nucleotide exchanges of the novel BDV isolate have surprisingly little effect on the primary structures of most viral proteins, with the notable exception of the X protein (p10), which is only 81% identical to its counterpart in reference strains. Our data indicate that the genome of BDV is far more variable than previously assumed and that naturally occurring subtypes may escape detection by currently used diagnostic assays.
Borna disease virus (BDV) is the causative agent of severe meningoencephalitis in horses, sheep, and other animal species in central Europe (7, 13, 21, 22) , and it is suspected to contribute to human psychiatric disorders worldwide (1, 2, 6, 8-12, 14, 15, 20) . The pathogenesis of Borna disease is mediated by a T-cell-dependent immune mechanism. All natural isolates of BDV that have been available to date, independent of species (humans, horses, sheep, cats, dogs, etc.), area (Europe, the United States, Japan), and year of isolation (1929 to 1998), show a remarkably high sequence conservation of the 8.9-kb RNA genome (5, 11, 16, 17) . Human BDV isolates are 95 to 100% identical to animal-derived BDV at the nucleotide level and are 97 to 100% identical at the amino acid level (5, 11, 16) . BDV is therefore considered a potential zoonotic agent. Because serum antibody titers are frequently low in naturally infected individuals and BDV serology has several other limitations, reverse transcriptase PCR (RT-PCR) technology using primers that match sequences of the viral N or P genes (1, 2, 5, 6, 8, 9, 12, 15, 16, 17, 19 ) is now widely used for the diagnosis of BDV infection. In this report, we describe a novel subtype of BDV which escapes detection by currently used diagnostic RT-PCR protocols.
MATERIALS AND METHODS
Immunohistochemistry. Paraffin-embedded brain sections were stained with the monoclonal antibody BO18, directed against the N protein, and a polyclonal mouse antiserum, directed against the X protein of BDV (3), as described previously (21, 22) . Staining of cultured cells grown on glass coverslips was carried out according to standard procedures, by using polyclonal antisera raised against purified recombinant X and P proteins of BDV He/80.
Sample preparation and RNA extraction. Samples from hippocampus and rhinencephalon were homogenized by using liquid nitrogen and were resuspended in diethyl pyrocarbonate-treated water. Following low-speed centrifugation, 140 l of supernatant was used for RNA extraction, employing the QIAamp viral RNA kit (QIAGEN).
PCR assays. In order to amplify overlapping genome fragments of the causative BDV strain, named No/98, RT-PCR was performed with a large number of different oligonucleotide primer pairs. cDNA synthesis and PCR were carried out in a single step by using the Titan One Tube RT-PCR Kit (Boehringer Mannheim/Roche). A 5-l volume of extract, containing 50 pmol of RNA (approximately 0.2 g of RNA), was used in each RT-PCR. For the experiments shown below (see Fig. 4A and B), the primer pairs described by Sorg and Metzler (19) were employed, because PCR assays using these oligonucleotide primers proved best for the detection of classical BDV in a recent multicenter study. Nested PCR (see Fig. 4B ) was carried out by using 3 l of the RT-PCR product, Taq polymerase from Promega, and a MgCl 2 concentration of 1.5 mM. For the RT-PCR experiment shown below (see Fig. 4C ), the forward primer was 5Ј-CC TGGCATCCTGTGACTATT-3Ј, and the reverse primer was 5Ј-ATCTGCTCT TGGCTGTGTCT-3Ј (nucleotide positions 3863 to 3882 and 4254 to 4235 of strain V, respectively).
Sequence analysis. PCR products were usually sequenced directly (in both directions) without subcloning into plasmid vectors, by using an automated DNA sequencer (ABI PRISM 310 Genetic Analyzer; Perkin-Elmer); only a 0.65-kb fragment of the BDV isolate No/98 was cloned into pCR2.1 by using the TAligation procedure as described by the manufacturer (Invitrogen). The software package DNAStar 3 was used for sequence alignment and for construction of the phylogenetic trees.
Isolation of BDV No/98 from frozen brain material. Specimens from hippocampus and rhinencephalon were homogenized and added to early-passage cultures of young rabbit brain cells. After foci of infected cells were visualized by indirect immunofluorescence analysis, uninfected monkey Vero cells were added. After six cell passages, most rabbit cells were lost and the virus isolate had infected a high percentage of the Vero cells.
Nucleotide sequence accession number. The sequence of the genome fragment of the new BDV strain described here was submitted to GenBank under accession no. AF136236.
RESULTS AND DISCUSSION
The diseased animal was a 7-year-old pony stallion, originating from the Austrian federal state of Styria, where no cases of Borna disease had been previously recorded. Also, the animal had never been in regions in which BDV is endemic. The animal's clinical and histopathological picture matched that of classical Borna disease; this preliminary diagnosis was confirmed by immunohistochemical detection of BDV antigen in paraffin-embedded brain sections (Fig. 1) . Unexpectedly, however, BDV RNA was not detected in frozen brain material by RT-PCR with several primer pairs that routinely give reliable results, indicating major sequence differences from previously isolated BDV strains. To verify this, we performed PCR on cDNA samples from the brain of this horse using a large array of primer pairs, including standard primers for classical BDV as well as primers specifically designed for this novel BDV strain. Using this PCR strategy, we generated overlapping fragments of the viral genome that were sequenced directly. The compiled sequence data yielded information on a large fragment of the genome of the new BDV strain, designated No/98, that corresponds to nucleotide positions 25 to 4234 of reference strain V; this fragment represents almost half of the entire BDV genome, including the complete open reading frames (ORFs) of the viral N, X, P, M and G genes and a small part of the L gene ( Fig. 2A) . The No/98 sequence was strictly colinear with that of reference strain V, except for a threenucleotide deletion at positions 90 to 92 that deletes alanine 13 of the N protein, a single nucleotide deletion at position 1170, and a three-nucleotide (GCA) insertion after nucleotide 1204, both located in the first intergenic region between the N and X ORFs. The overall sequence identities between No/98 and the two reference strains V and He/80 were 84.2 and 84.0%, respectively (Fig. 2B) . The nucleotide exchanges were distributed fairly evenly over the entire region that we have sequenced. Within the coding sequences of the N, P, M, G, and L genes, most nucleotide exchanges were silent, because they frequently affected the third positions of the codons. Consequently, the amino acid sequences were more than 93% identical to their counterparts in strains V and He/80. When conservative amino acid substitutions were taken into account, similarities were more than 96% (Fig. 2B) . A different situation emerged for the X protein that is encoded by an ORF which overlaps the P ORF. Here, most nucleotide exchanges were not silent, and the X protein of No/98 exhibited only about 81% identity to its counterparts in strains V and He/80 (Fig. 2B ). More careful inspection (Fig. 2C ) demonstrated a highly biased distribution of nucleotide exchanges which strongly favored conservation of the P ORF over the X ORF, indicating that the latter protein can tolerate more variation. It is of interest to note, however, that the N-terminal region of the X protein, which harbors a nuclear export sequence (M. tion unit was also described in highly conserved BDV isolates (11, 17) .
To elucidate the relationship between No/98 and previously known BDV strains, we constructed phylogenetic trees based on published nucleotide sequences of N and P gene fragments (Fig. 3) . This comparison included the prototype strains V (3), He/80 (4), WT-1 (17) , and MDCK (9) and various BDVderived nucleotide sequences found in blood samples of humans from Germany (1, 5) and Japan (9) . As previously noted by others (5, 11, 16, 17) , all BDV strains that had been previously recognized had shown highly similar nucleotide sequences. In sharp contrast, No/98 occupies a unique position in both phylogenetic trees, indicating that it may represent the first member of a novel BDV subtype.
To study the biological properties of No/98, we isolated this virus from frozen brain material by using cultures of primary young rabbit brain cells. Viral replication was monitored by indirect immunofluorescence analysis. The newly isolated virus could be transmitted to cultures of Vero monkey cells, in which it spread quickly without inducing a cytopathic effect. Vero cells infected with No/98 showed strong nuclear staining with monospecific antiserum raised against either X or P of strain He/80. To verify that the Vero cells were indeed infected with No/98, we performed RT-PCR on RNA from the persistently infected Vero cell culture. The amplified 0.65-kb fragment (corresponding to nucleotide positions 1202 to 1856) included the complete X ORF and part of the intergenic region between the N and X genes. Its sequence precisely matched the No/98 sequence previously established by direct analysis of horse brain material. All nucleotide exchanges and the three-base insertion after position 1204 were also present in the virus isolate, indicating that the genome of No/98 did not rapidly acquire major alterations during replication in Vero cells.
Sequence comparisons revealed that currently used diagnostic RT-PCR assays employ primer pairs that only poorly match the No/98 sequence. To test if they would still detect this virus subtype, we prepared mixtures of 5 ϫ 10 5 uninfected Vero cells and various numbers of cells infected with either BDV strain He/80 or No/98, extracted RNA from these cell mixtures, and used samples for reverse transcription. Standard (nonnested) PCR for detection of transcripts from the BDV N gene yielded the expected amplification products with all cell mixtures containing between 5,000 and 5 He/80-infected cells (Fig. 4A) . By contrast, no amplification products were observed with cell mixtures containing high or low numbers of No/98-infected cells (Fig. 4A) . Only when nested PCR was performed (Fig.  4B ) did the samples containing 5,000 and 500 No/98-infected cells become weakly positive. When other primer pairs that better match both viral genomes were used, No/98-and He/ 80-infected cells were detected at similar sensitivities (Fig. 4C) . The above experiment was repeated with other published RT-PCR protocols and showed results very similar to those presented in Fig. 4A and B; they either failed completely to amplify BDV No/98 sequences or exhibited significantly lower sensitivities in detecting this novel BDV subtype, even when altering the PCR conditions.
The identification of a new BDV field isolate that escapes detection by currently used diagnostic assays has far-reaching implications for proper diagnosis of BDV in, for example, human neuropsychiatric disorders. The new findings imply that previous studies, which relied on RT-PCR technology, might have underestimated the true prevalence rates of human BDV infections and might also have missed etiological correlations between BDV infection and certain neuropsychiatric disorders. The isolation of a BDV with a highly variant genome disproves the general opinion of high sequence conservation of all BDV genomes; the possibility that further, yet unidentified, BDV subtypes do exist should be considered seriously. 
